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During development of the primary olfactory projection, olfactory receptor axons must sort by odor specificity and seek
particular sites in the brain in which to create odor-specific glomeruli. In the moth Manduca sexta, we showed previously
that fasciclin II, a cell adhesion molecule in the immunoglobulin superfamily, is expressed by the axons of a subset of
olfactory receptor neurons during development and that, in a specialized glia-rich “sorting zone,” these axons segregate from
nonfasciclin II-expressing axons before entering the neuropil of the glomerular layer. The segregation into fasciclin
II-positive fascicles is dependent on the presence of the glial cells in the sorting zone. Here, we explore the expression
patterns for different isoforms of Manduca fasciclin II in the developing olfactory system. We find that olfactory receptor
axons express transmembrane fasciclin II during the period of axonal ingrowth and glomerulus development. Fascicles of
TM-fasciclin II axons target certain glomeruli and avoid others, such as the sexually dimorphic glomeruli. These results
suggest that TM-fasciclin II may play a role in the sorting and guidance of the axons. GPI-linked forms of fasciclin II are
expressed weakly by glial cells associated with the receptor axons before they reach the sorting zone, but not by sorting-zone
glia. GPI-fasciclin II may, therefore, be involved in axon–glia interactions related to stabilization of axons in the nerve, but
probably not related to sorting. © 2002 Elsevier Science (USA)INTRODUCTION
How do olfactory sensory axons find their correct targets
in the central nervous system (CNS)? Our general under-
standing of how primary sensory axons arrive at targets is
heavily influenced by studies of the visual, auditory, and
somatosensory systems. These systems, however, may not
be appropriate models for the olfactory system, because in
these systems, primary afferent axons form a more or less
continuous map of the peripheral end organ in the CNS.
The continuity of the map in the visual system, in particu-
lar, has provided grist for elegant studies of the patterning of
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134afferent projections (e.g., Sperry, 1944; Schneider, 1973;
Lund and Lund, 1973; Shatz and Sretavan, 1986; Cheng et
al., 1995; Nakamoto et al., 1996). The olfactory system is
qualitatively different: particular molecular attributes of
odorant molecules are detected by receptor neurons
sparsely distributed over wide areas of the olfactory sensory
epithelium, and these neurons project their axons to par-
ticular, widely scattered, discrete “glomeruli” in the pri-
mary olfactory center in the brain (Vassar et al., 1994;
Ressler et al., 1994; Strotmann et al., 1994; Mombaerts et
al., 1996; Gao et al., 2000; Vosshall et al., 2000). Except on
a very coarse, zone-to-zone level in some species, the
glomeruli generally are not arrayed in a pattern that reflects
the spatial distribution of the receptor neurons in the
sensory epithelium. Therefore, the olfactory system faces a
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developmental challenge that may be similar to that arising
in many nonsensory parts of the CNS: axons from dispersed
neurons must find each other and their targets without
heavy reliance on a simple topographic guidance system.
Results from a number of laboratories suggest at least two
potential mechanisms that may regulate the guidance of
olfactory neurons. Cell adhesion molecules in the immu-
noglobulin superfamily are expressed on subsets of olfac-
tory receptor axons in several species and may play roles in
selective adhesion. Schwob and Gottlieb (1986, 1988) dis-
covered a membrane-associated protein on a subset of rat
olfactory axons that divides the primary olfactory projec-
tion into two nonoverlapping zones. This protein, dubbed
“mamFas II,” has high isoform similarity and sequence
homology to Drosophila fasciclin II and significant similar-
ity to vertebrate N-CAM (Fang et al., 2000). Yoshihara et al.
(1997) reported that receptor neurons from one part of the
mouse olfactory epithelium express a novel member of the
immunoglobulin superfamily, which they named “O-
CAM.” O-CAM, which is expressed early in development
and can function as a homophilic adhesion molecule in
tests in vitro, appears to be identical to mamFas II (Yoshi-
hara et al., 1997; Christensen et al., 2001). Other studies
have adduced evidence for the presence of other members of
the immunoglobulin superfamily (Yoshihara et al., 1995;
Walsh and Doherty, 1997; Wolfer et al., 1998; Pasterkamp
et al., 1999; Haspel et al., 2000), including N-CAM (Key and
Akeson, 1990), in developing mammalian olfactory sys-
tems. These findings suggest that adhesion molecules of the
immunoglobulin superfamily may help to guide growing
olfactory axons. A different molecular candidate for sorting
and guidance of olfactory receptor axons arises from work
by Mombaerts et al. (1996) and Wang et al. (1998), who
discovered that switching the particular olfactory receptor
protein expressed by receptor neurons alters their choice of
target. Singer et al. (1995) proposed that the receptor pro-
teins themselves may perform a homophilic adhesion func-
tion, allowing fasciculation of growing axons with match-
ing receptor proteins. Several investigators (Yoshihara and
Mori, 1997; Key, 1998; Wang et al., 1998; O’Leary et al.,
1999; Pays and Schwarting, 2000) now have put the two
mechanisms together into one unified hypothesis: that
olfactory axons are guided to their targets by a combination
of cell adhesion molecules, the finest tuning being provided
by the olfactory receptor proteins themselves.
Guidance mechanisms for olfactory axons can be fruit-
fully studied in the developing olfactory system of the moth
Manduca sexta, a uniquely advantageous preparation for
studying many aspects of olfactory development (Hilde-
brand et al., 1982, 1998; Oland and Tolbert, 1996). In
Manduca, approximately 300,000 olfactory receptor neu-
rons reside in each antenna (Sanes and Hildebrand, 1976;
Oland and Tolbert, 1988) and project axons up to 2 cm down
the lumen of the antenna and into the antennal lobe on one
side of the brain, where they terminate in 63 1 “ordinary”
glomeruli plus 2–3 sexually dimorphic glomeruli (Rospars
and Hildebrand, 2000). The unusual length of the olfactory,
or antennal, nerve and the discrete axonal sorting zone
located at the base of the nerve (Ro¨ssler et al., 1999) provide
special opportunities to study axonal sorting in normal and
experimentally perturbed animals.
In this report, we have continued our investigation of the
possibility that fasciclin II, often considered an insect
orthologue of N-CAM (Harrelson and Goodman, 1988;
Grenningloh et al., 1990) but more similar to O-CAM/
mamFas II (Fang et al., 2000), is involved in the growth of
olfactory receptor axons to their correct targets. We re-
ported previously that experimental disruption of the sort-
ing of olfactory receptor axons into fasciclin II-positive and
fasciclin II-negative fascicles is associated with improper
targeting of the axons (Ro¨ssler et al., 1999). In this study, we
have examined the location and timing of expression of
Manduca forms of fasciclin II (“MFas II”; Carr and Taghert,
1988; Nardi ,1990, 1992; Wright et al., 1999) in the devel-
oping olfactory pathway. We present evidence that trans-
membrane isoforms of MFas II (Wright et al., 1999; Wright
and Copenhaver, 2000, 2001) are expressed by a particular
subset of developing olfactory neurons in the antenna,
coincident with the growth of their axons into their target
glomeruli in the antennal lobes. In addition, we present
evidence that a GPI-linked isoform of MFas II (Wright et al.,
1999; Wright and Copenhaver, 2000, 2001) is expressed
strongly by the perineurial sheath and weakly by nerve-
related glial cells, raising the possibility that these mol-
ecules contribute to the axon–glia interactions that under-
lie aspects of fasciculation in the nerve. Some of this work
has appeared in abstract form (Eckholdt et al., 1997; Higgins
et al., 1997, 1998).
MATERIALS AND METHODS
Experimental Animals
M. sexta (Lepidoptera: Sphingidae) were reared in the departmen-
tal insect facility at 25°C and 50–60% relative humidity under a
long-day photoperiod regimen (17 h light/7 h dark). Stages of
metamorphic adult development were determined by visualizing
changes in external adult morphology as seen through the pupal
cuticle with a fiberoptic light (Tolbert et al., 1983; Oland and
Tolbert, 1987). The pupal stage and adult development are divided
into 18 stages, each lasting 1–4 days, starting at pupation and
ending at adult eclosion.
Primary Antibodies
Four antibodies that recognize all isoforms of MFas II were used
for immunocytochemistry. Monoclonal antibody MAb2F5 was
obtained through hybridomas from a mouse immunized with adult
Manduca transverse nerve by Carr and Taghert (1988). Polyclonal
antibody PAb2F5 also was derived from mouse after four immuni-
zations with a 91-kDa component of antigen 2F5 (Nardi 1992).
Using an immunoaffinity column and electroelution from SDS-
nonreducing polyacrylamide gels, Nardi (1992) purified this anti-
gen and found that the amino acid sequence of one of its peptides
had 61.5 and 77% identity to Drosophila and grasshopper fasciclin
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II, respectively. Delipified monoclonal ascites antibodies P1E1-1C3
(“C3”) and P1G12-3B10 (“B10”), made against the purified 2F5
protein (Wright et al., 1999), also were used. All of these antibodies
recognize epitopes located within the extracellular domain shared
by all isoforms of MFas II.
In addition, to determine whether the fasciclin II seen in the
olfactory system of Manduca was the transmembrane isoform
(TM-MFas II) or the GPI-linked isoform (GPI-MFas II), antibodies
generated in guinea pigs against unique segments of each isoform
(Wright et al., 1999; Wright and Copenhaver, 2000) were used. The
anti-TM-MFas II antibody was raised against a 19-amino-acid
peptide fragment corresponding to an intracellular portion of the
protein. The anti-GPI-MFas II antibody was generated against a
19-amino-acid sequence corresponding to an extracellular portion
near the GPI attachment site. Antiserum specificity was demon-
strated in a previous study (Wright and Copenhaver, 2000).
Lucifer Yellow Labeling of Antennal-Nerve Axons
Brains, with relatively long antennal nerves still attached, were
dissected from late stage 6/early stage 7 female (n  3) and male
(n  3) developing adults. The distal ends of both antennal nerves
were dipped into a well constructed of Vaseline and exposed to
distilled water for 5 min, after which several crystals of Lucifer
Yellow (L-453 Molecular Probes, Eugene, OR) were added. Using
two 1.5-V batteries, current was passed for approximately 10 min
between thin silver wire electrodes placed in the Lucifer Yellow
well and in the saline solution bathing the brain. Brains were then
processed as below for immunocytochemistry by using the C3
MFas II antibody.
Immunocytochemistry
Whole brains and full-length antennae were dissected from the
heads of cold-anesthetized developing adults of various develop-
mental stages, fixed overnight in 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) at 4°C, and then washed in phosphate-
buffered saline (PBS). Brains subsequently were processed as whole
mounts or were embedded in 7% low-melting-point agarose
(GIBCO/BRL) and sectioned at 100 m on a Vibratome (Technical
Products International, St. Louis, MO) before further processing.
Antennae were slit longitudinally and processed whole or were cut
into pieces, 5–10 annuli long, embedded, and sectioned like brains
before processing. Tissue was washed in PBS with 1% Triton X-100
(PBST), and nonspecific binding of antibodies was blocked with 4%
normal goat serum (NGS) (GIBCO/BRL) in PBST at room tempera-
ture for 1 h. Tissue was then exposed overnight at 4°C to one of the
following primary antibodies: MAb2F5, C3, or B10 at a dilution of
1:10,000, PAb2F5 at 1:1000, anti-TM-MFas II at 1:1000 to 1:5000,
or anti-GPI-MFas II at 1:1000 to 1:5000. All antibodies were diluted
in 4% NGS/PBST.
Unbound primary antibody was rinsed away with PBS and
secondary antibodies were applied as follows. Cy3- or Cy5-
conjugated goat-anti-mouse (for visualization of MAb2F5, C3, B10,
and PAB2F5) or Cy3- or Cy5-conjugated goat-anti-guinea pig (for
visualization of -TM and -GPI-MFas II antibodies) secondary
antibody (Jackson ImmunoResearch Labs, West Grove, PA) was
applied, following centrifugation, at a dilution of 1:200 for 2 h at
room temperature. Tissues were then washed in PBS, and brains
and antennae for whole mounts were either dehydrated in a series
of ethanols, cleared, and mounted in methyl salicylate, or cleared
and mounted in Hypaque meglumine 60% (H582; Nycomed,
Princeton, NJ). Vibratome sections were mounted on slides in
polyvinyl alcohol or Hypaque meglumine. Each cohort of immu-
nolabeled tissues included at least one that was not exposed to
primary antibody, and in every case, this negative control showed
no detectable signal.
Glomeruli were visualized by labeling the glial cells surrounding
them with the nucleic-acid label propidium iodide (PI) (P-1304;
Molecular Probes) (see Baumann et al., 1996; Oland et al., 1999).
After 15 min in RNase (Sigma R5503; 0.1 mg/ml PBS) to eliminate
cytoplasmic labeling, tissue was washed in PBS and then incubated
in 25 M PI for 15 min.
We examined brains from at least six developing adults at each of
eight stages (stages 2, 4, 5, 6, 7, 9, 12, and 17) and antennae from at
least two developing adults at each of four stages (stages 4, 6, 7,
and 8).
Laser Scanning Confocal Microscopy
Fluorescent labeling was visualized with either of two laser
scanning confocal microscopes [Bio-Rad MRC-600 (Cambridge,
MA) equipped with a Nikon Optiphot-2 microscope and with 15
mW krypton/argon and 100 mW argon laser light sources, or Nikon
PCM 2000 (Nikon, Tokyo, Japan) equipped with a Nikon E800
microscope and argon, green He Ne, and red He Ne lasers] and
appropriate filter combinations.
Digital images were processed with the following software:
Confocal Assistant (copyrighted by Todd Brelje, distributed by
Bio-Rad), Simple PCI (Compix Inc., Cranberry Township, PA),
Corel Photopaint, and Corel Draw (Corel Corp., Ottawa, Ontario,
Canada). Digital images were modified only to enhance contrast, to
merge images from doubly labeled tissue, to provide pseudocolor,
and to form montages of images from adjacent regions.
Three-Dimensional Reconstruction
In order to determine whether the same glomeruli were targeted
by MFas II-positive olfactory receptor axons in different animals at
the same stage and at different stages of development, it was
necessary to compare the positions of immunolabeled glomeruli in
the antennal lobes of multiple animals. To do this, we performed
three-dimensional reconstructions of the glomeruli in optically
sectioned antennal lobes. Whole brains were doubly labeled with
either MAb2F5 or PAb2F5 for MFas II-expressing axons and with PI
for glial cell nuclei. Serial optical sections of antennal lobes in
whole-mounted brains were collected on a confocal microscope at
intervals of 2 m, through a 20 objective lens (N.A. 0.75).
Projections of three optical sections were then made in Confocal
Assistant, creating serial images representing 6 m of tissue each.
The glial outlines of all MFas II-positive glomeruli, as well as those
MFas II-negative glomeruli that could be discerned, and the outline
of the whole antennal lobe from each layer representing 6 m of
tissue were then traced on a digitizing tablet (Kurta XGT; Kurta,
Phoenix, AZ). The total number of rendered glomeruli is not equal
to the known total (63  1; Rospars and Hildebrand, 2000) because
some MFas II-negative glomeruli were not sufficiently delineated
by glial cells to be unequivocally identified; in addition, some MFas
II-positive glomeruli at posterior levels were difficult to distinguish
from thick axon fascicles.
Each digitized layer was put in registration with adjacent layers
simply by lining up the outlines of the antennal lobes in consecu-
tive printouts. Each layer of outlined objects was processed and
converted to a text file by using software written for us by A. Pandy
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and N. Merchant (unpublished). The data were then processed on a
Silicon Graphics Indigo Workstation by using CosmoWorlds Soft-
ware (Computer Associates International, Inc., Islandia, NY) for
three-dimensional rendering.
Glomeruli in eight antennal lobes from stage 6 and stage 7
developing adults were reconstructed in their entirety. Five of these
were labeled with the MAb2F5 mouse monoclonal antibody; three
were labeled with PAb2F5 mouse polyclonal antibody. These
antennal lobes were reconstructed fully to allow us to compare
positions of labeled glomeruli. In addition, in another 17 antennal
lobes, labeled glomeruli were counted but not fully reconstructed,
to allow us to compare numbers of labeled glomeruli. Only one of
the two antennal lobes from each animal was analyzed; thus, each
lobe represents an individual animal.
Immunoblots
Antennal lobes were dissected from the desheathed brains of
stage 3, 5, 6, 7, 12, and 17 developing adults, immediately placed in
liquid nitrogen, and stored at 80°C until processing. In addition,
developing wing tissue from stage 6 developing adults was dis-
sected and treated as above, to be used as a positive control (Nardi,
1992). Numbers of antennal lobes for each lane were chosen, based
on a previous study using the Micro-BCA protein assay (Pierce)
(Krull et al., 1994), to approximate equal amounts of protein in each
lane. Antennal lobes were homogenized in SDS sample buffer with
protease inhibitor but no reducing agent in order to maintain
antigenicity of proteins (Nardi, 1992). Samples were heated to 70°C
for 10 min and run on precast 4–12% Tris–Bis gels (Nupage) on an
XCell SurLock electrophoresis cell (Novex, San Diego, CA).
Negative-control lanes contained protein from either whole stage 6
brains or stage 7 antennal lobes and did not receive primary
antibody. After transfer with an XCell II Blot Module (EI9051,
Novex) onto polyvinylidene difluoride (PVDF) membranes (Milli-
pore, Bedford, MA), blots were blocked with 1% Tween 20 in
Tris-buffered saline [TBST: 100 mM Tris, 0.9% (150mM) NaCl, pH
7.5] for 2.5 h at room temperature to minimize nonspecific labeling
of proteins. Membranes were incubated overnight at 4°C in -C3
MFasII (1:10,000), -GPI-MFasII (1:5,000), or -TM-MFasII (1:5,000)
in TBST. After four 15-min washes in TBST, membranes were
incubated in either peroxidase-conjugated goat-anti-mouse second-
ary antibody in TBST (1:1000) or peroxidase-conjugated donkey-
anti-guinea pig secondary antibody (1:5000) for 2 h at room tem-
perature. After rinsing again as above, color was developed with an
Opti-4CN substrate kit (Bio-Rad) for 10–30 min.
Three immunoblots were incubated with the C3-MfasII anti-
body, four with the anti-GPI-MFasII antibody, and three with the
anti-TM-MFasII antibody.
Production of Riboprobe for in Situ Hybridization
A DNA plasmid containing a fragment of the Manduca fasciclin
II gene common to both MFas II isoforms was available from other
work by one of us (P.F.C.; Wright et al., 1999). We subcloned this
fragment into the pBSSK II plasmid vector (Stratagene, La Jolla, CA)
using PstI and SstII sites. Positive clones were confirmed with
automated sequencing (ABI model 377) and compared with known
sequences in the Non-Redundant Protein Sequences database using
the NCBI BLAST program (Altschul et al., 1990), which showed
that our subclone was homologous with the transmembrane and
GPI-linked forms of MFas II. Plasmid DNA was obtained by
alkaline lysis miniprep using a Qiagen kit according to manufac-
turer’s instructions (Qiagen, Santa Clarita, CA). Plasmid DNA was
linearized by using PstI for the T3 reaction and SstII restriction
enzymes for the T7 reaction. Digoxigenin-labeled sense and anti-
sense mRNA were transcribed by using T3 and T7 RNA poly-
merases (Life Technologies, Gaithersburg, MD) with a DIG RNA
Labeling Kit according to manufacturer’s instructions (Boehringer
Mannheim, Indianapolis, IN). The RNA probe was reduced from
approximately 1 kb to fragments of approximately 200 nucleotides
by using limited alkaline hydrolysis (Angerer and Angerer, 1992).
In Situ Hybridization
Antennae (comprising about 80 repeating annular segments)
from 40 stage 5 developing adults were dissected, cut into pieces
5–10 annuli long, and fixed either for 4 h at room temperature or
overnight at 4°C in 4% paraformaldehyde in 0.1 M phosphate
buffer. After cryoprotection in sucrose solutions of 10, 20, and 30%,
antennal pieces were mounted in OCT compound (Ted Pella,
Redding, CA) and sectioned on a cryostat (Microm) at 20 m.
Sections were allowed to adhere to Superfrost Plus slides (Electron
Microscopy Sciences, Fort Washington, PA) at 42–45°C for at least
30 min. Three stage 5 and two stage 7 brains were removed and
processed in the same manner.
Tissue sections were treated according to a modified protocol
described by Komminoth (1996). After washing in PBS with 0.3%
Triton X-100 (PBST), tissue sections were permeabilized in TE
buffer (100 mM Tris–HCl, 10 mM EDTA, pH 8.0) containing
Proteinase K (1 mg/ml) (Sigma, St. Louis, MO) at room temperature
for 15 min, postfixed in 4% paraformaldehyde for 5 min, and then
acetylated for 10 min in TEA buffer (0.1 M triethanolamine, pH 8.0)
containing 0.25% (v/v) acetic anhydride (Sigma).
Sections were then hybridized for 16 h at 42°C in 50% form-
amide, 10% dextran sulfate, 1 Denhardt’s solution, 4 SSPE
(sodium phosphate, sodium chloride, EDTA) (Amresco), 500 mg/ml
yeast tRNA, 250 mg/ml denatured and sheared salmon sperm
DNA, and 10 ng of digoxigenin-labeled riboprobe. Negative con-
trols were performed by using equal amounts of sense riboprobe.
Removal of unbound probe was accomplished with two 15-min
washes in 2 SSPE, a 30-min incubation in 20 mg/ml RNase A at
37°C, and two 15-min washes in 0.1 SSPE at 50°C. The probe was
visualized with an alkaline phosphatase-labeled sheep anti-
digoxigenin antibody (Boehringer Mannheim) diluted 1:1000 in
TBST and incubated overnight at 4°C. After four 15-min washes in
TBS, the label was developed with the alkaline phosphatase sub-
strate BCIP-NBT (5-bromo-4-chloro-3-indolyl phosphate  ni-
troblue tetrazolium chloride; Amresco, Solon, OH) and coverslips
were mounted with Gel/Mount (Biomeda, Foster City, CA).
Northern Blots
Antennal poly(A) RNA (2 mg/lane) and antennal-lobe total
RNA (10 mg/lane) taken from developing adults ranging in stage
from 3 to 18 were separated on formaldehyde-1% agarose gels and
blotted onto Zetaprobe membranes (Bio-Rad) (see Gibson and
Nighorn, 2000). Total RNA was retrieved with Trizol (Life Tech-
nologies), and poly(A) RNA was isolated from antennal total RNA
by using Oligotex beads (Qiagen, Valencia, CA). Blots were hybrid-
ized overnight at 42°C in hybridization buffer containing 50%
formamide, 5 SSPE, 5 Denhardt’s solution, 1% SDS, 10%
dextran sulfate, 100 g/ml sheared salmon sperm DNA, and 106
cpm/ml 32P-labeled random-primed probe made from gel-purified
cDNA clones using a Decaprime labeling kit (Ambion). 32P-labeled
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probes were generated from templates derived from a restriction
fragment of the shared extracellular domain. The intensities of
antennal MFas II mRNA bands in any particular gel were normal-
ized against a housekeeping gene, Manduca eukaryotic elongation
factor (EEF; see Figs. 7F and 7G).
RESULTS
Immunocytochemical Localization of MFas II
Expression patterns of fasciclin II during development of
the olfactory system in Manduca were first examined by
using antisera that recognized all forms of MFas II (Carr and
Taghert, 1988; Nardi, 1992; Wright et al., 1999). Immuno-
cytochemistry using monoclonal (MAb2F5, C3, and B10)
and polyclonal (PAb2F5) antibodies that recognize extracel-
lular portions of MFas II common to all forms revealed a
striking, developmentally regulated pattern in the olfactory
system of Manduca across individuals, stages, and sexes.
At stage 2 of the 18 stages of adult development, before
olfactory receptor axons had reached the antennal lobe,
MFas II was found predominantly in the perineurial sheath
surrounding the brain. This perineurial sheath labeling
persisted throughout development. In addition, in the lat-
eral cell-body cluster of the antennal lobe, there were a few
faintly labeled neuronal cell bodies (Fig. 1A). Labeling of
antennal-lobe neurons was variable with regard to cell
number and location from brain to brain, but was always
light; sometimes, neurites emanating from these cells were
also weakly labeled. This pattern of labeling of cell bodies
was more common in earlier stages than later, and was not
seen after stage 6. MFas II immunoreactivity was found
among the olfactory receptor axons occupying the lateral
edge of the dorsal half of the antennal lobe at late stage
3/early stage 4 (Fig. 1B), when the first olfactory receptor
axons from the antenna reach the antennal lobe (Oland and
Tolbert, 1987). Among the first axons to reach the antennal
lobe are mechanosensory axons that run posterior and
ventral to all other axons in the intracranial portion of the
antennal nerve and travel past the antennal-lobe neuropil to
terminate in deutocerebral structures posteroventral to the
AL. A subset of these axons were MFas II-positive, but they
were not examined in detail in this study. At stage 5, as
axons were forming protoglomeruli (Oland et al., 1990),
four or five early protoglomeruli in the dorsolateral portion
of the antennal lobe were MFas II-positive (Fig. 1C). By stage
6, when the full complement of protoglomeruli had formed,
many of them, including a contiguous group in the antero-
medial portion of the antennal lobe (AL) and the glomerulus
receiving inputs from the labial pit organ (Kent et al., 1986;
LPOG; Fig. 1D), were MFas II-positive. At stage 7, when
dendrites of antennal-lobe neurons had begun to overlap
with receptor axon terminals in the developing glomeruli
(Oland et al., 1990), glomeruli in the same positions as the
MFas II-positive protoglomeruli seen at stage 6 were labeled
even more strongly (Fig. 1E). At stage 9 (Fig. 1F), as more
olfactory receptor axons continued to grow into the glo-
meruli, the pattern of labeling appeared similar to that at
stage 7, though, in general, labeling intensity was beginning
to decline. At stage 12, MFas II immunoreactivity had
diminished considerably (Fig. 1G). By stage 17, just prior to
adult eclosion, no MFas II was detectable in the antennal
lobes except in the perineurial sheath (Fig. 1H).
Simultaneous labeling of all antennal nerve axons with
Lucifer Yellow and of MFas II-positive axons with the C3
antibody revealed that the sexually dimorphic glomeruli
were MFas II-negative. Specifically, the female-specific
large female glomeruli (L in Figs. 2C and 2D) and the
male-specific macroglomerular complex (MGC in Figs. 2E
and 2F), visible with Lucifer Yellow, were not labeled by the
C3 antibody.
Antennal lobes labeled with MAb2F5, PAb2F5, or C3
antibodies were reconstructed from full z-series of optical
sections from 11 male and 14 female antennal lobes. From
stage 6 through stage 8, 14–21 of the 63  1 glomeruli
present in both sexes (Rospars and Hildebrand, 2000) were
moderately to heavily labeled (Fig. 3). Ten to sixteen of the
labeled glomeruli were contiguous, forming a band that
curved medially from a dorsolateral point near the entrance
of the antennal nerve to a ventromedial point near the labial
pit organ glomerulus (LPOG), which itself was MFas II-
immunoreactive (yellow glomeruli; Figs. 3E and 3G). Two
to four other glomeruli, situated posterior to the most
dorsolateral glomeruli in the band, and a readily recogniz-
able small glomerulus (SG; Figs. 3F and 3H), also posterior
to the main band of glomeruli and just dorsal to the LPOG,
also were consistently labeled (Figs. 3E–3H). The general
locations of glomeruli labeled with the different antibodies
were consistent across antennal lobes from stage 6 through
8, and the number of labeled glomeruli did not appear to
differ with sex or stage.
In addition to the MFas II-immunoreactive glomeruli, we
were able to visualize approximately 50% of the remaining
MFas II-negative glomeruli by using PI to label the glial cell
nuclei that surround them (blue glomeruli; Figs. 3E–3H). As
mentioned above, unlabeled glomeruli consistently in-
cluded the sexually dimorphic glomeruli of the antennal
lobe: the macroglomerular complex in males (MGC; Figs.
3C and 3G) and the two large female glomeruli in females
(L; Figs. 3A and 3E). In addition, most of the glomeruli in
the posterior half of the antennal lobe appeared to be
consistently unlabeled, although the presence of large fas-
cicles of MFas II-positive axons in the area made this
difficult to determine unequivocally.
As reported earlier (Ro¨ssler et al., 1999), at stage 5, MFas
II-positive receptor axons were dispersed throughout the
width of the antennal nerve as the nerve approached the
antennal lobe. At the entrance to the antennal lobe, axons
traversed a zone densely populated with glial cells, where
MFas II-immunoreactive axons abruptly changed their
course, criss-crossing each other and emerging in thick
fascicles with other MFas II-immunoreactive axons (Fig. 3I,
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FIG. 1. Antennal lobes in whole mounts of brain, labeled immunocytochemically with MAb 2F5 antibody for all isoforms of MFas II.
Asterisks indicate protoglomeruli and glomeruli. (Scale bars, 50 m.) (A) Stage 2, before olfactory receptor axons have entered the antennal
lobe (AL). The perineurial sheath (PS) and the cell bodies of some AL neurons (e.g., at arrow) are labeled. Stack of four optical sections, 2
m apart. (B) Stage 4. Many of the early receptor axons that grow into the AL (from the right) are labeled, as are a few AL-neuron cell bodies
(to left of dotted line, which encircles the AL neuropil). Stack of 18 optical sections, 2 m apart. (C) Stage 5. Many receptor axons in the
antennal nerve (AN) are labeled, and form labeled protoglomeruli (*). Stack of 10 optical sections, 2 m apart. (D) Stage 6. Labeled receptor
axons are spread across the antennal nerve (AN). They mix and sort as the nerve enters the AL, and labeled axons travel in bright fascicles
to their protoglomeruli (*). One protoglomerulus, recognizable as the small MFas II glomerulus (SG), sits near the labial pit organ
glomerulus (LPOG). Stack of 30 optical sections, 2 m apart. (E) Stage 7. Labeled glomeruli include the LPOG. Stack of 13 optical sections,
2 m apart. (F) Stage 9. Preparation shown here is especially bright; in general, labeling of axons is weaker at this stage. Stack of 12 optical
sections, 2 m apart. (G) Stage 12. Labeling of axons is much fainter. Stack of nine optical sections, 2 m apart. (H) Stage 17. Labeling
persists only in the PS. Stack of 11 optical sections, 5 m apart.
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white arrows). In some cases, fascicles of labeled axons
emerging from this “sorting zone” (“SZ”) could be seen to
travel directly to single glomeruli (Fig. 3I, double arrow). In
the sorting zone, labeled axons did not fasciculate with the
first MFas II-positive axons they encountered, so sorting
was not based solely on expression of MFas II; however,
there did appear to be a strict separation of MFas II-positive
and -negative axons as the fascicles formed. Labeling of
glomeruli with the monoclonal MFas II antibodies C3 and
B10 produced the same results as with the monoclonal and
polyclonal antibodies MAb2F5 and PAb2F5 (Figs. 4A and
4C).
In stage 7 antennae, MFas II immunoreactivity appeared
at the bases of most, if not all, olfactory sensilla (OS; Figs.
4B and 4D–4G). The brightest labeling was observed on
what appeared to be the apical setal (sensory-hair) portions
of the trichogen cells (see Sanes and Hildebrand, 1976).
Most other cells in the sensory epithelium exhibited light
labeling. Whether these cells included the cell bodies of
olfactory receptor neurons was impossible to discern, since
we have no definitive markers for olfactory receptor neu-
rons. We were unable to trace individual labeled axons to
their cell bodies of origin, because axonal labeling became
weaker as the axons were traced into the epithelium; the
intense MFas II labeling on the perineurial sheath surround-
ing the small axon bundles also precluded tracing indi-
vidual axons in these regions (Figs. 4D and 4E). MFas II
labeling was also very bright on the perineurial sheath
surrounding larger nerve rootlets, but the rootlets were big
enough to allow us to visualize axon labeling within them
(ANR; Figs. 4B and 4D). MFas II-immunoreactive receptor
axons were interspersed among unlabeled axons in the
antennal-nerve rootlets, as well as in the two major
antennal-nerve bundles (ANB; Figs. 4B, 4F, and 4G) that
course down the antenna. MFas II was also observed in the
apical portions of most, if not all, of the cells on the
FIG. 2. Patterns of expression of MFas II and Lucifer Yellow (LY) in developing sexually isomorphic glomeruli (A, B) and sexually
dimorphic glomeruli (C–F) from stage 6 female (A–D) and male (E, F) brains. (Scale bar, 50 m.) (A, B) Single optical section through female
antennal lobe labeled with C3 MFas II antibody (A) and LY (B). In this section, MFas II immunoreactivity (A) is expressed in a subset of the
glomeruli (e.g., *) labeled with LY (B). (C, D) LY-filled receptor axons (D) in the two sexually dimorphic large female glomeruli are not MFas
II-positive. The large female glomeruli are difficult to identify unequivocally at this early stage, but develop in the position indicated by “L,”
which is devoid of MFas II-positive axons (C). Stack of three optical sections, 1.5 m apart, posterior to section in (A) and (B). (E, F) LY-filled
receptor axons (F) in the macroglomerular complex (“MGC”) of a male brain are not MFas II-positive (E). LY-filled axons terminating in two
nearby glomeruli (*) are MFas II- positive. Stack of three optical sections, 2 m apart.
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FIG. 3. Patterns of expression of MFas II in antennal lobes from stage 7 females (A, B, E, F) and males (C, D, G, H). (Scale bars, 50 m.)
(A–D) Optical slices through antennal lobes labeled with MAb 2F5 antibody for MFas II. MFas II immunoreactivity (green) is expressed on
a subset of olfactory receptor axons entering via the AN. Glial cell nuclei, labeled with PI (red), surround labeled and unlabeled glomeruli.
The two large female glomeruli (“L” in A) in females and the large MGC in males are not labeled. The LPOG is labeled. Stack of six optical
sections, 2 m apart. (E–H) Three-dimensional reconstructions of glomeruli in a male and a female antennal lobe. Heavily labeled (yellow)
and moderately labeled glomeruli (green) intermix with unlabeled glomeruli (blue). Female, stack of 44 optical sections, 2 m apart. Male,
stack of 54 optical sections, 2 m apart. (E, F) Female antennal lobe in frontal (E) and medial (F) views. The two large female glomeruli (L)
are not labeled, while the LPOG and the SG are labeled. (G, H) Male antennal lobe in frontal (G) and medial (H) views. The MGC is not
labeled, while the LPOG and SG are labeled. (I) MFas II receptor axons are dispersed in the AN until they reach the sorting zone (SZ), where
they change direction and fasciculate with other MFas II axons (arrows). Some MFas II fascicles (double arrow) terminate in just one or
two glomeruli. Single optical section.
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nonsensory side of the antenna that makes scales (Sc; Figs.
4B, 4F, and 4G).
MFas II antibodies typically labeled cells in the perineur-
ial sheath surrounding antennal-nerve branches in the an-
tenna and surrounding the brain at all stages (Figs. 1A, 1B,
1H, and 4), but did not label glial cells associated with the
antennal-lobe neuropil. Whether these antibodies labeled a
small cadre of longitudinally oriented glial cells in the
antennal nerve or sorting zone (see description of GPI-MFas
II labeling, below) was impossible to determine, since so
many axons were labeled that such glia would have been
obscured.
Immunocytochemical Localization of
Transmembrane and GPI-Linked Isoforms
of MFas II
Immunocytochemistry using antibodies against different
isoforms of MFas II allowed us to explore the possibility
that both transmembrane (TM) and GPI-linked (GPI) iso-
forms were present and temporally regulated in the devel-
oping olfactory system.
In the antennal lobe, the pattern of TM-MFas II labeling
(Figs. 5A and 5B) was similar to that seen with the antibod-
ies that recognize the shared extracellular domain, with the
exception of the perineurial sheath, which labeled feebly or
not at all with anti-TM MFas II. Many glomeruli were
labeled in the medial portion of the antennal lobe, as were
the LPOG (Fig. 5A) and the unique small glomerulus next to
it (SG; Fig. 5A). In the antenna, TM-MFas II immunoreac-
tivity was consistently associated with axons in antennal-
nerve rootlets and in the branches of the antennal nerve
(Figs. 6A and 6B). In addition, the more general labeling of
sensory and nonsensory epithelia was present, although
weaker than that seen with the antibodies that recognize all
forms of MFas II (Figs. 6A and 6B).
In the head, the anti-GPI-MFas II antibody labeled
strongly the perineurial sheath surrounding the intracranial
part of the antennal nerve and the antennal lobe (Fig. 5C), as
well as the rest of the brain. This labeling of the sheath was
seen throughout development from stage 3 to stage 17. In
addition, in most preparations, the antibody labeled a small
set of longitudinal processes located distal to the axonal
sorting zone (Figs. 5C and 5D). Double labeling with anti-
GPI-MFas II antibody and PI revealed that these structures
contained nuclei (Fig. 5D). Thus, they appear to be a subset
of antennal-nerve-associated glial cells, with processes ori-
ented parallel to the axons of the antennal nerve. These
cells were weakly GPI-MFas II-positive through at least
stage 12; we did not look for them at stage 17. No labeling
of antennal-lobe neurons was ever seen. In the antenna,
GPI-MFas II immunoreactivity was seen most intensely in
the sheath that surrounds both the antennal nerve axons as
they coalesce in each annulus and the nerve rootlets and the
two antennal nerve branches (ANB) formed by the contri-
butions of many rootlets (Figs. 6C and 6D). Immunoreac-
tivity was also present throughout the sensory and scalar
epithelia (Fig. 6C), and was strongest where the labeling was
strongest with antibodies that recognize all forms of MFas
II. Again, we were unable to detect whether olfactory
receptor neurons labeled, in either longitudinal or cross
sections. (We relied on in situ hybridization for localization
of MFas II-expressing receptor neurons; see below.) No
GPI-MFas II immunoreactivity was visible on axons or glial
cells within the antennal nerve branches or on the axons in
the antennal-nerve rootlets.
Immunoblot Analyses
MFas II protein was present at the earliest stage examined
(stage 3), peaked at stage 7, and gradually decreased with
subsequent development (see immunoblots, Fig. 7).
Immunoblots using the C3 antibody, which recognized
transmembrane and GPI-linked isoforms of MFas II, re-
vealed multiple labeled bands in the range of molecular
mass reported for MFas II in pupal and developing adult
wings and larval nerve cord tissue (Nardi, 1990, 1992), as
well as tissue from embryos (Wright et al., 1999; Wright and
Copenhaver, 2000). At stage 3, a strong band at 85 kDa as
well as two weaker bands of higher molecular mass were
labeled in antennal-lobe tissue. In stage 5 antennal lobes,
the band at 85 kDa labeled less strongly, and now a band
at 95 kDa was strong; an additional weak band at 90
kDa was still present. At stage 7, all three of these bands
labeled strongly, and at stage 12, these bands were joined by
a fourth band at 80 kDa. At stage 17, just before eclosion
to adulthood, the largest of these bands (95 kDa) disap-
peared (Fig. 7A).
The three different antibodies—C3, anti-TM MFas II, and
anti-GPI-linked MFas II—labeled different bands on immu-
noblots of stage 6 wings and antennal lobes. The C3
antibody labeled bands at 85 and 95 kDa and a weak one
at 90 kDa (Fig. 7B), similar to values reported previously
for wing by one of us (Nardi, 1992). The higher labeled band
in wing tissue appeared to be of about the same molecular
mass as the highest labeled band in antennal lobes; the
lower band was of slightly higher molecular mass than the
85-kDa band seen in antennal lobes. In wing tissue, the
antibody specific for the transmembrane isoform of MFas II
labeled two bands just below and above the 90-kDa band in
antennal lobes, and the antibody specific for the GPI-linked
isoform labeled a single band slightly lower than the 85-
kDa antennal-lobe band (Fig. 7B). Differences in loading of
wing and antennal-lobe columns make it difficult to say
with certainty that such small differences in molecular
mass are real.
When the anti-TM-MFas II antibody was used on devel-
oping antennal-lobe tissue, two bands, at85 and90 kDa,
were weakly labeled at stage 3. Stage 5 antennal lobes
expressed the same two bands, but the 90-kDa band was
much more intensely labeled (Fig. 7C). At stages 6 (Fig. 7B)
and 7 (Fig. 7C), a third band appeared at approximately 95
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FIG. 4. Immunocytochemical labeling patterns in whole mount and vibratome sections of stage 7 male (E, F) and female (A–D, G) antennal
lobes and antennae, labeled with B10 and C3 antibodies that recognize all isoforms of MFas II. (Scale bars in A-C, F, G, 50 m; D, E, 25 m.)
(A) Antennal lobe, labeled with B10 antibody. Labeled axons look similar to receptor axons labeled with MAb 2F5. *, labeled glomeruli.
Stack of 25 optical sections, 2 m apart. (B) Two segments of antenna, labeled with B10 antibody. Apical portions of cells on both the
receptor (OS) and nonolfactory, scalar (Sc) sides of the antenna are MFas II-immunoreactive, as are axons in the antennal nerve rootlets
(ANR) and antennal nerve branch (ANB). Perineurial sheath is not obvious at this low magnification. Stack of 47 optical sections, 1.5 m
apart. (C) Antennal lobe, labeled with C3 antibody. This section is anterior to that in (A), to reveal labeled glomeruli (*) in a group in the
anteromedial portion of the AL. Stack of five optical sections, 2 m apart. (D) Olfactory epithelium of one segment of antenna, labeled with
C3 antibody. At this magnification, labeling in both the perineurial sheath (PS) and on axons within the antennal nerve rootlet (ANR) is
visible. Stack of three optical sections, 1 m apart. (E) High magnification view of labeling in apical portions of cells lying just under the
cuticle of the olfactory face of the antenna. Stack of four optical sections, 0.5 m apart. (F) Male antenna in cross section, labeled with C3
antibody. ANR and the two large branches of the antennal nerve (ANB) contain many labeled axons. The perineurial sheath around the ANB
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kDa, and all three bands were intensely labeled. Stage 7
appeared to be the point of peak expression for TM-MFas II,
consistent with the immunocytochemical labeling results.
At stage 12, the 95-kDa species of TM-MFas II appeared
(no longer) to be expressed in the antennal lobes, and the
relative amounts of the other two (85 and 90 kDa)
decreased. At stage 17, just before eclosion to adulthood,
only the 85-kDa band was expressed.
On similar blots with antennal-lobe tissue from the same
stages, the anti-GPI-MFas II antibody revealed a single
labeled band at approximately 80 kDa at stages 3 and 5.
(Apparently, the anti-GPI-MFas II antibody is more sensi-
tive than the C3 antibody, since this band was not apparent
until stage 12 with the C3 antibody.) At stages 7 and 12, a
second GPI-MFas II protein species was revealed at approxi-
mately 85 kDa (Fig. 7D). Both bands were still present at
stage 17 (not shown). In all immunoblots with negative
control lanes, no bands were labeled.
Localization of MFas II mRNA with in Situ
Hybridization
In situ hybridization histochemistry with digoxigenin-
labeled probes against MFas II-specific mRNA in sections
through antennae from stage 5 males consistently labeled a
subset of cells in the sensory epithelium on each face of the
leading edge of the antenna (Figs. 8A and 8C). Label was
restricted to the perikaryal cytoplasm of these cells (Fig.
8B), which resembled olfactory receptor neurons in size,
shape, and position (see Sanes and Hildebrand, 1976). In
addition, outside of the sensory epithelium, variable num-
bers of cells in the scalar epithelium were labeled (Sc; Fig.
8A), though not as intensely as the putative olfactory
receptor neurons (ORN; Fig. 8B). Hybridization in the
olfactory epithelium in cross sections of antennae appeared
in rows of up to approximately 20 cells (OS; Fig. 8A), and in
longitudinal sections, in small clusters of approximately
five cells, repeated twice in each annulus (Fig. 8C). In
general, fewer cells were labeled by in situ hybridization
than with immunocytochemistry, indicating that in situ
hybridization is likely to be the less-sensitive method.
Using camera lucida drawings of serial sections as well as
observations of labeled en face sections, we deduced that
the labeled cells formed an open “V” pattern on each
segment of male antennae (Figs. 8C and 9A). In control
preparations labeled with sense probe, no cells were labeled.
In situ hybridization of the same antisense probe with
sections through stage 5 and stage 7 brains revealed no
labeled cells in the antennal lobes. Again, this may reflect
lower sensitivity of in situ hybridization compared with
immunocytochemistry. In two stage 7 brains, however, we
observed six heavily labeled cells in the subesophageal
ganglion (Figs. 8D and 8E). In attached antennal nerves, no
labeling of sorting-zone glial cells or axon-associated glial
cells of the antennal nerve was discernible above back-
ground.
To determine whether the probe was likely to be recog-
nizing a sequence for authentic MFas II, we analyzed the
sequence of the subcloned fragment used for riboprobe
synthesis and subsequent in situ hybridization. The pre-
dicted amino acid sequence was identical to that encom-
passing the Ig-3 and part of the Ig-2 and -4 domains and
corresponding to amino acids 292–441 from Wright et al.
(1999).
Northern Blot Analyses
Northern blot analysis of mRNA in antennae from a
variety of developmental stages, using a DNA probe gener-
ated from a portion of the shared 5 extracellular region of
the MFas II isoforms, revealed a temporal pattern similar to
that seen in the Western blot analyses but shifted earlier by
approximately one stage of development. The Northern
blot revealed two bands of approximately 4.5 and 6.0 kb
(Fig. 8F), similar to sizes found in previous studies (Wright
and Copenhaver, 2000). At each stage, the intensities of
antennal MFas II mRNA bands were normalized against the
intensities of the bands representing Manduca eukaryotic
elongation factor (EEF; Fig. 8F). Normalized values revealed
that expression of MFas II mRNA in the antenna rose from
stage 2 (not shown) to a peak from late stage 4 through early
in stage 5 and then decreased until, at stage 18, just before
adult eclosion, there was no detectable expression of the
6.0-kb isoform and very little expression of the 4.5-kb
isoform (Fig. 8G). Previous work has shown that the larger
mRNA species corresponds to TM-MFas II and the smaller
mRNA species corresponds to GPI-MFas II (Wright and
Copenhaver, 2000).
DISCUSSION
The results of the current study reveal developmental
regulation of expression of transmembrane and GPI-linked
isoforms of fasciclin II in the olfactory system of Manduca
sexta, suggesting that fasciclin II may play a role in the
sorting and guidance of olfactory receptor axons on their
way to their target glomeruli.
is also clearly labeled. Labeling of the sort seen in (E) is present along the olfactory side (OS) of the antenna; cells on the nonolfactory, scalar side
(Sc) are also labeled at their apical tips. The scalar epithelium is revealed in a grazing view as the cuticle curves toward an intersegmental joint.
Stack of 19 optical sections, 1.5 m apart. (G) Female antenna in cross section, labeled with C3 antibody. Pattern of labeling is virtually identical
to that in (F). In this section, the scalar epithelium is cut in cross section. Stack of 15 optical sections, 2 m apart.
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Fasciclin II is a well-documented cell adhesion molecule,
first shown to play roles in adhesion and guidance of
particular axons in the developing grasshopper embryo
(Bastiani et al., 1987; Snow et al., 1988; Harrelson and
Goodman, 1988; Copenhaver and Taghert, 1989) and in
Drosophila (Grenningloh et al., 1991; Lin et al., 1994), and
later shown to be involved in many other events, including
regulation of proneural gene expression in sensory struc-
tures (Garcia-Alonso et al., 1995), synapse stabilization and
plasticity (Schuster et al., 1996a,b), and odor learning
(Cheng et al., 2001). Fasciclin II is a member of the immu-
noglobulin superfamily (Harrelson and Goodman, 1988),
which also contains N-CAM (Cunningham et al., 1987) and
O-CAM/mamFas II (Yoshihara et al., 1997; Christensen et
al., 2001). In Drosophila, one GPI-linked and two trans-
membrane forms of fasciclin II have been described (Good-
man et al., 1997). The gene for a transmembrane isoform in
Drosophila predicts a protein with a molecular mass of
about 97 kDa that has 25% predicted amino acid sequence
identity with chicken and mouse N-CAM (Harrelson and
Goodman, 1988). An even higher sequence homology and
isoform similarity has recently been noted between Fas II
FIG. 5. Immunocytochemical labeling patterns in stage 7 antennal lobes labeled with antibodies that specifically recognize transmembrane and
GPI-linked isoforms of MFas II. (Scale bars, 50m.) (A, B) Antennal lobe labeled with anti-TM-MFas II antibody. Optical section in (A) is posterior
to the section in (B) from a single antennal lobe, to reveal labeling of the LPOG and SG, as well as other labeled glomeruli (*). Stack of 20 and
17 optical sections, respectively, 2 m apart. (C) Antennal lobe labeled with anti-GPI-MFas II antibody. Label is most prominent in the PS
surrounding the AL and AN, but is also present in a subset of putative antennal nerve-associated glial cells (arrow in C) that extend along the axon
tracts distal to the SZ. Stack of 10 optical sections, 2 m apart in (C). (D) At higher magnification, double labeling with PI (red) and anti-GPI-MFas
II antibody (green) confirms that the GPI-MFas II structures in the nerve (seen in a single optical section) contain nuclei.
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and O-CAM/mamFas II, which is expressed in the mamma-
lian olfactory system and elsewhere (Yoshihara et al., 1997;
Fang et al., 2000; Christensen et al., 2001). O-CAM/
mamFas II, which occurs in both transmembrane and
GPI-linked forms (Yoshihara et al., 1997), is expressed by
olfactory receptor neurons in large zones of the main
olfactory epithelium and of the vomeronasal organ as well
as on the axons of those neurons terminating in the corre-
sponding zones of the main and accessory olfactory bulbs
(Yoshihara et al., 1997). O-CAM/mamFas II is thought to
play roles in selective fasciculation and zone-to-zone pro-
jection of the receptor axons.
Carr and Taghert (1988) initially discovered a Manduca
homologue of fasciclin II (then called “protein 2F5”) on
nonneuronal cells that act as a scaffold for the growing
axons of the transverse nerve. Nardi (1990, 1992) found it on
tracheal cells that connect longitudinal and transverse
branches of tracheae in embryonic Manduca, as well as in
developing adult wing. Since then, “MFas II” (Copenhaver
et al., 1996a,b) has been shown to play roles in neuronal
migration, axonal outgrowth, and intercellular adhesion
between peripheral glial cells (Wright et al., 1999; Wright
and Copenhaver, 2000, 2001). CLUSTAL W analysis
(Thompson et al., 1994) of the published sequence of
TM-MFas II (Wright et al., 1999) reveals 22% amino acid
sequence identity with mouse O-CAM (Yoshihara et al.,
1997) and 17% identity with mouse N-CAM (Rougon and
Marshak, 1986).
Localization of MFas II by Immunocytochemistry
and in Situ Hybridization
In the antennal system of Manduca, we have found that
some, but not all, of the olfactory receptor neurons and
their axons strongly express molecules likely to be MFas II
during the period of glomerulus development. The pattern
of distribution of MFas II-expressing receptor-neuron cell
bodies in the antenna, an open “V” shape repeated on each
antennal segment (Fig. 9A), does not match the pattern for
any known specialized type of sensillum or sensory neuron
(Shields and Hildebrand, 1999a,b), so at this point we
cannot make any conjecture about the functional identities
of the receptor neurons that express MFas II. Axons labeled
with antibodies to MFas II terminate in 14–21 of the 63 
1 glomeruli, some of which fall in a cluster in the antero-
medial portion of the antennal lobe, but others of which are
scattered among glomeruli that do not contain MFas II; the
labeled glomeruli as a whole do not form a contiguous set
within the antennal lobe. The olfactory receptor axons that
terminate in uniquely identifiable glomeruli (including the
LPOG, and the small glomerulus next to it, and the sexually
dimorphic glomeruli) are consistently either labeled or not
labeled throughout the stages when glomeruli are forming.
These results suggest that a stereotypic set of MFas II-
positive receptor neurons (at least some of which are
organized in the repeating “V” pattern seen in the olfactory
epithelium) consistently terminate in a specific subset of
olfactory glomeruli within the brain (Fig. 9B). The variation
in the numbers of heavily labeled glomeruli counted in
different animals could reflect real differences in the num-
bers (and identities) of MFas II-positive glomeruli, or could
be due to: (i) differences in numbers and positions of
particular glomeruli, such as that documented for the “P2”
glomerulus in mouse (Schaefer et al., 2001), (ii) differences
in amounts of fasciclin II on MFas II-expressing axons, (iii)
differences in access of primary or secondary antibody in
different preparations, and/or (iv) differences in antennal-
lobe orientation, which would have affected our ability to
distinguish between a glomerulus and a thick fascicle of
MFas II-positive axons. In support of the last possibility, the
lateral and posterior glomeruli closest to the large fascicles
of MFas II-positive axons emerging from the sorting zone
were the most difficult to count; our judgment of which
structures were labeled glomeruli and which were fascicles
of labeled axons yielded a range of one to four labeled
glomeruli in different animals.
The MFas II-positive axons in the antennal nerve are
scattered throughout the nerve until they reach the glia-
rich “sorting zone,” at the entrance to the antennal lobe,
where axons sort into MFas II-positive or -negative bundles
that are destined to terminate in single glomeruli or small
sets of glomeruli (Fig. 9B). A previous study showed that, in
animals with experimentally reduced numbers of glial cells,
olfactory receptor axons (both MFas II and MFas II)
failed to fasciculate properly and subsequently failed to
innervate their proper targets (Ro¨ssler et al., 1999). Based on
our current results, we hypothesize that MFas II plays a role
in the sorting and guidance of a particular subset of the
olfactory receptor axons sharing a common set of olfactory
specificities and, additionally, that the glial cells in the
sorting zone influence the sorting mechanism.
The immunocytochemical labeling observed in the setal
portion of cells in the olfactory epithelium and in cells in
the nonolfactory epithelium of the antenna (Figs. 4F, 4G,
and 6) is difficult to explain. Northern blot analysis, which
showed a peak of MFas II RNA in the antenna at stages 4–5
and lower levels at stages 2–3 and 6–18, correlated well
with levels of immunoreactivity seen in neural elements,
but not with the high degree of labeling seen in the apical
portions of cells in the antennal epithelium through stage 8.
Controls processed without primary antibodies were devoid
of fluorescence, ruling out nonspecific binding of the sec-
ondary antibodies. Thus, it is possible that these antennal
cells express levels of mRNA too low for us to detect but
sufficient to drive significant protein expression. Since in
the Drosophila antenna another member of the immuno-
globulin superfamily, IrreC-rst, is present (Venugopala
Reddy et al., 1999), another alternative is that these cells
express a protein encoded by a distinct mRNA but antigeni-
cally similar to MFas II. This seems unlikely, however,
because the anti-MFas II antibodies have been shown to be
very specific, not even cross-reacting with Fas II from
Drosophila (P.F.C., unpublished observations).
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Transmembrane and GPI-Linked Isoforms of
MFasII
In Northern blots of antennal tissue, we observed two
labeled bands of approximately the same size as those found
in pupal wing tissue (Nardi, 1992). They probably corre-
spond to the TM and GPI-linked forms of MFas II, which
arise from a single alternately spliced gene (Wright et al.,
1999). A number of other adhesion molecules are produced
via alternate splicing at different points in development,
including the PEST and PEST forms of transmembrane
Fas II in Drosophila (Grenningloh et al., 1991), and the
20–30 isoforms of NCAM, including NCAM 140 and
NCAM 140-VASE (Doherty et al., 1992). In addition, TM
and GPI-linked forms of mouse O-CAM have been discov-
ered, and their mRNA transcripts were found in different
parts of the mouse nervous system. The OCAM-GPI tran-
script was expressed predominantly in the olfactory epithe-
lium, while the OCAM-TM transcripts were found in the
olfactory epithelium, brain, and retina (Yoshihara et al.,
1997).
In immunoblots of antennal lobe tissue, labeled bands
were present at approximately the same molecular masses
as the bands from wing tissue. The slight apparent differ-
ences in mass may result from differences in loading of
wing and antennal-lobe lanes. The larger number of bands
in antennal lobe tissue may reflect expression of multiple
genes, alternative splicing of a smaller number of gene
products, or posttranslational modification of MFas II. They
seem most likely to correspond to differentially glycosy-
lated forms of MFas II, which does have a number of
potential N-glycosylation sites (Wright et al., 1999). Poly-
sialylated forms of N-CAM facilitate defasciculation of
motor axons (Rafuse and Landmesser, 2000), and other
glycosylated forms of N-CAM may be involved in defas-
ciculation of olfactory receptor axons in the olfactory nerve
fiber layer in the rat (Key and Akeson, 1990). Similarly,
differentially glycosylated forms of MFas II may promote
fasciculation and defasciculation of olfactory receptor ax-
ons in Manduca.
In the developing enteric system of Manduca, TM-MFas
FIG. 6. Immunocytochemical labeling reveals isoform-specific patterns of MFas II expression in stage 7 male antennae. (Scale bars in A–C,
50 m; in D, 10 m.) (A, B) Antenna labeled with anti-TM-MFas II antibody. An ANR and the two major ANBs are labeled, as are apical
portions of cells in the epithelium of the OS side and the nonolfactory, Sc side of the antenna. (A) Stack of 15 optical sections, 2 m apart;
(B) stack of seven optical sections, 1 m apart. (C, D) Antenna labeled with anti-GPI-MFas II antibody. Olfactory receptor axons in rootlets
(ANR) and ANB are not labeled, although the sheath surrounding them is. Apical portions of epithelial cells on OS and Sc sides of the
antenna are labeled. High magnification view (D) of labeling in apical portions of cells lying just under the cuticle (arrows) of the olfactory
face of the antenna. (C) Stack of 15 optical sections, 2 m apart; (D) Stack of 13 optical sections, 1 m apart.
147Formation of Glomeruli in M. sexta
© 2002 Elsevier Science (USA). All rights reserved.
II is found on migrating neurons and acts to promote
migration and process extension, while GPI-MFas II is
found on glial cells ensheathing the peripheral nerves and
functions primarily in cellular adhesion (Wright et al.,
1999; Wright and Copenhaver, 2000, 2001). We have shown
in the developing olfactory system that TM-MFas II is
expressed on olfactory receptor axons, as well as on axons
from the labial pit organ, that terminate in the antennal
lobe. TM-MFas II was not observed on mechanosensory
axons at the stage assayed (stage 7), even though MAb2F5
and PAb2F5 labeled mechanosensory axons at stage 5 (not
shown), suggesting the presence of TM-MFas II in some
mechanosensory axons at earlier stages. GPI-MFas II ap-
pears in the perineurial sheath around olfactory receptor
axon bundles and the entire brain, and also is expressed
weakly on a set of glial cells in the intracranial part of the
antennal nerve.
These results lead us to hypothesize that the two iso-
forms of MFas II have distinct functions in formation of the
olfactory pathway in Manduca. In the developing olfactory
system, just as was seen in the developing embryonic
enteric system, GPI-MFas II may serve an adhesive function
between cells of the perineurial sheath. In the olfactory
system, it may also play a role in axon–glia interactions in
the antennal nerve. That role is unlikely to be essential to
growth, since the glia that express GPI-linked MFas II
migrate into the antennal nerve from the antenna after
many olfactory receptor axons have already reached their
target glomeruli (Ro¨ssler et al., 1999); perhaps GPI-MFas II
participates in some sort of glial stabilization of the axons
in the nerve. TM-MFas II, found almost exclusively on
olfactory axons that extend from antennal nerve rootlets to
target glomeruli, probably serves a guidance function by
allowing axons destined to terminate in a subset of 14–21
glomeruli to recognize and fasciculate with each other. The
first axons to navigate a path to each incipient glomerulus
site presumably would use other cues to find those sites.
Subsequent axons would use MFas II and other adhesion
FIG. 7. Immunoblot analyses using antibodies generated against peptides derived from isoform-specific regions of the MFas II molecule
and MAb C3, which recognizes all MFas II isoforms. (A) Immunoblot of antennal lobe tissue (devoid of perineurial sheath) from animals
of different stages. (B) Immunoblot of stage 6 desheathed antennal lobe tissue (AL) and stage 6 wing tissue, as a positive control, labeled with
C3 antibody, which recognizes all isoforms of MFas II (left), and TM-MFas II (center)- and GPI-MFas II-specific (right) antibodies. (C)
Immunoblot of desheathed antennal lobe tissue using TM-MFas II-specific antibody (stages 3–17), and for comparison, C3 antibody (stage
7), which recognizes all isoforms. (D) Immunoblot of desheathed antennal lobe tissue using GPI-MFas II-specific antibody (stages 3–12), and
for comparison, C3 antibody (stage 7), which recognizes all isoforms.
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FIG. 8. In situ hybridization histochemistry and Northern blots for expression of MFas II transcripts in stage 7 male antennae and brain.
(Scale bars in A, C–E, 50 m; in B, 25 m) (A, B) In situ hybridization with a digoxigenin-labeled probe against MFas II-specific mRNA in
transverse cryosections of antennae. A subset of cells in the area of OS on the leading edge of the antenna is heavily labeled. A subset of
cells on the Sc is faintly labeled. At higher magnification (B), the labeled OS cells have the morphology of olfactory receptor neurons
(ORNs). (C) In situ hybridization with the digoxigenin-labeled MFas II probe in a grazing longitudinal cryosection of four segments of an
antenna. Labeled ORNs form a “V” pattern among other epithelial cells on the olfactory receptor side of each segment (arrows). (D, E) In
situ hybridization of brain cryosections with the MFas II probe revealed a few large MFas II-expressing cells in the subesophageal ganglion
(SEG) and no labeled cells in the ALs. (F) Northern blot of poly(A)-mRNA purified from antennae at stages of development from stage 3
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molecules, in various combinations, to assort into molecu-
larly specified fascicles specific for the 63 individual glo-
meruli that they form.
Developmental Regulation of MFas II Expression
Immunoblot analyses of antennal-lobe tissue from vari-
ous stages of maturation confirmed the developmental
patterns of MFas II isoform expression that were indicated
by our immunocytochemical studies. Overall, MFas II ex-
pression increased during the initial stages of olfactory
development before olfactory axons reach the brain, peaked
at late stage 6 or early stage 7 when glomeruli are forming,
and then gradually declined into adulthood. TM- and GPI-
MFas II isoforms appeared to be regulated independently.
TM-MFas II levels changed dramatically during develop-
FIG. 9. Schematic representations of patterns of MFas II transcript expression in the antenna and protein expression in the antenna and
brain at stage 7. (A) MFas II-mRNA-expressing cells in the antenna form an open “V” pattern in the olfactory epithelium of each segment.
ANB, antennal nerve branch; BV, blood vessel; T, tracheole. (B) The axons of MFas II-expressing receptor neurons sort into fascicles with
each other and terminate in a discontinuous subset of glomeruli that includes the LPOG (LPON, labial pit organ nerve); they do not
terminate in the sexually dimorphic glomeruli (here, illustrated for the female, L).
through stage 18 (e5, early stage 5; m5, mid stage 5) and reacted with a 32P-labeled probe for the shared extracellular domain of MFas II.
Manduca eukaryotic elongation factor (EEF) was used as a control for loading. (G) Relative band intensities, with each band normalized to
the EEF bands for the same stage.
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ment. Comparison of the patterns of expression with events
known to be occurring at each stage (Sanes and Hildebrand,
1976; Tolbert et al., 1983; Oland and Tolbert, 1987; Oland
et al., 1990; Malun et al., 1994; Ro¨ssler et al., 1998, 1999)
leads us to propose the following model. Before formation of
protoglomeruli, a single 90-kDa TM-MFas II protein species
is expressed by a small number of olfactory receptor axons
and neurons of the antennal lobe. As glomeruli are forming,
expression of the 90-kDa TM-MFas II protein species in-
creases and two other protein species (85- and 95-kDa)
appear, likely corresponding to ever increasing numbers and
types of ingrowing axons, including those from the labial
pit organ. After glomeruli have formed, both of the higher
molecular mass protein species disappear, leaving only the
85-kDa protein species just before adult eclosion. In light of
the results in the enteric nervous system (Wright et al.,
1999; Wright and Copenhaver, 2000, 2001), it is possible
that the higher molecular mass TM-MFas II protein species
are specifically involved in axon guidance/motility, while
the lower molecular mass form may be involved in main-
taining fasciculation of like axons which are no longer
growing. Developmental switching between the higher mo-
lecular mass protein species, as seen for N-CAM (Doherty
et al., 1992), might occur in the sorting zone and be
responsible for the abrupt propensity of MFas II-expressing
receptor axons to fasciculate in this zone.
Regulation of GPI-MFas II appeared also to be tied to
receptor axon ingrowth. Levels of the 80-kDa species of
GPI-MFas II remained roughly constant over the stages we
assayed, but a second,85-kDa, species appeared after stage
6. Immunocytochemical results indicated that perineurial
sheath cells were the likely source of the 80-kDa GPI-MFas
II seen throughout development. The higher molecular
mass species, observed only after a substantial number of
glial cells are present in and near the sorting zone in the
antennal nerve (stage 6), may be specific to those glial cells.
Additional probes that can distinguish between these two
putative protein species will be necessary to confirm this
result.
Evidence for Cell Adhesion Molecules in Other
Olfactory Systems
In addition to the studies of N-CAM cited above, many
investigators have reported interesting expression patterns
of cell adhesion molecules by olfactory receptor axons.
Polysialylated N-CAM appears on a subset of olfactory
receptor axons in the developing and adult mouse olfactory
bulb (Miragall et al., 1988, 1989; Whitesides and LaMantia,
1996), and differentially glycosylated forms of N-CAM are
expressed on subsets of axons that terminate in different
glomeruli in the rat olfactory system (Dowsing et al., 1997).
In addition, L1 (Miragall et al., 1989; Whitesides and La-
Mantia, 1996), Thy-1 (Terkelson et al., 1989), TAG-1
(Yamamoto and Schwarting, 1991), BIG-2 (Yoshihara et al.,
1995), and E-cadherin (Whitesides and LaMantia, 1996)
have been reported on olfactory receptor axons. In Drosoph-
ila, IrreC-rst, another molecule in the immunoglobulin
superfamily, is expressed on a subset of olfactory receptor
axons; misexpression is reported to cause disruption of
glomerulus formation (Reiter et al., 1997).
O-CAM/mamFas II is expressed by olfactory receptor
neurons in three of the four zones (Ressler et al., 1994) of
the rat and mouse olfactory epithelium; the axons of those
neurons terminate in corresponding areas of the main
olfactory bulb (Schwob and Gottlieb, 1986; Mori and Yoshi-
hara, 1995; Fujita et al., 1985; Mori et al., 1985; Yoshihara
et al., 1997). Starting very early in development, O-CAM is
also found on a subset of the olfactory receptor neurons in
the vomeronasal organ and on their axon terminals in the
accessory olfactory bulb (Yoshihara et al., 1997), as well as
on an unrelated set of mitral/tufted cells (von Campen-
hausen et al., 1997). O-CAM/mamFas II appears to work as
a homophilic adhesion molecule, leading to the proposal
that it plays a role in grouping axons for zonal projections
(Yoshihara et al., 1997).
A number of studies in mice have also now shown that
the axons of receptor neurons expressing a given olfactory
receptor protein preferentially fasciculate with each other
and converge on precisely two or three glomeruli in each
olfactory bulb (Ressler et al., 1994; Vassar et al., 1994;
Mombaerts et al., 1996; Singer et al., 1995; Wang et al.,
1998). Switching the particular olfactory receptor protein
expressed by olfactory receptor neurons causes the axons to
seek a novel target that is neither the correct target for the
unaltered receptor neurons nor the correct target for neu-
rons that normally express the receptor protein that is now
being expressed (Mombaerts et al., 1996; Wang et al., 1998).
Inhibiting the expression of olfactory receptor proteins
altogether causes receptor axons to wander rather than
converge on specific glomeruli. These results indicate that
the olfactory receptor proteins play some role in pathfind-
ing and targeting but do not account fully for specific choice
of target. The most parsimonious hypothesis is that the
receptor proteins themselves perform a function in ho-
mophilic adhesion of growing axons with matching recep-
tor proteins (Singer et al., 1995); a specific role for the
receptors in targeting is still not clear.
Thus, the axons of olfactory receptor neurons appear to be
guided by a complex combinatorial code of adhesion mol-
ecules. Some adhesion molecules, such as O-CAM/mamFas
II, may play roles in the zonal projections present in some
species. Other molecules, such as the olfactory receptor
proteins in mice and TM-MFas II in Manduca, are expressed
by scattered neurons, whose axons find each other before
growing toward and into specific glomeruli; these mol-
ecules may therefore play roles in the sorting process as
well as in subsequent fasciculation and growth. Such roles
may be dependent on interactions of axons of specific
molecular signatures with other cells, such as the “sorting
zone” glial cells in Manduca, and with extracellular matrix
molecules in their paths (e.g., Treloar et al., 1996; Tisay and
Key, 1999; Crandall et al., 2000).
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